Background: Chronic pain is the most commonly reported comorbidity among patients with opioid addiction receiving methadone maintenance treatment (MMT), with an estimated prevalence ranging between 30% and 55%. Evidence suggests that patients with comorbid pain are at high risk for poor treatment response, including continued illicit substance use. Due to the important relationship between the presence of pain and illicit substance abuse within the MMT setting, it is imperative that we target our efforts toward understanding the characteristics of this patient population. Methods: The primary objective of this study was to explore the clinical and inflammatory profile of MMT patients reporting comorbid pain. This multicenter study enrolled patients (n=235) on MMT for the treatment of opioid dependence. Clinical history and blood and urine data were collected. Blood samples were obtained for estimating the serum levels of inflammatory markers (tumor necrosis factor [TNF]-α, interleukin-1 receptor antagonist [IL-1ra], IL-6, IL-8, IL-10, interferon [IFN]-γ and chemokine (C-C motif) ligand 2 [CCL2]). The study objectives were addressed using a descriptive statistical summary and a multivariable logistic regression model constructed in STATA version 12. Results: Among the participants eligible for inclusion (n=235), serum IFN-γ level and substance abuse behavior proved to be important delineating characteristics for the detection of comorbid pain. Analysis of inflammatory profile showed IFN-γ to be significantly elevated among patients reporting comorbid pain (odds ratio [OR]: 2.02; 95% confidence interval [CI]: 1.17, 3.50; P=0.01). Patients reporting comorbid pain were also found to have an increase in positive opioid urine screens (OR: 1.02; 95% CI: 1.00, 1.03; P=0.01), indicating an increase in illicit opioid consumption. Conclusion: MMT patients with comorbid pain were shown to have elevated IFN-γ and higher rates of continued opioid abuse. The ability to objectively distinguish between patients with comorbid pain may help to both improve the prediction of poor responders to MMT as well as identify treatment approaches such as anti-inflammatory medications as safe alternatives for MMT patients with comorbid pain.
Introduction
Attention toward improving treatments for opioid dependence is increasing in conjunction with efforts to control the abuse of opioids. These efforts are seriously challenged by the increase in opioid prescriptions worldwide, and the global population of opioid users is now estimated to be 21.9 million people. 1 Methadone -a synthetic opioid -is the most common treatment for opioid dependence. 2 It is given to alleviate submit your manuscript | www.dovepress.com
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Dennis et al the symptoms of withdrawal and prevent relapse. 2 Studies examining patients on methadone maintenance treatment (MMT) report chronic pain as a common comorbid disorder, with prevalence ranging from as low as 37% in some studies 3 to as high as 55.3% in others. 4 Chronic pain is both prevalent and concerning for patients with opioid addiction. Patients with comorbid chronic pain report a higher incidence of continued opioid abuse (COA). 3, 5, 6 Concomitant use of illicit opioids in combination with MMT poses a serious risk of abnormal cardiac conductivity, 7, 8 overdose, 9, 10 and death. 9 MMT patients with comorbid chronic pain are thought to be in the highest risk category for such adverse events due to the larger amount of illicit opioid consumption that chronic pain patients report. 3, 5, 6 Such reported outcomes, in combination with the high reported prevalence of pain, dictate the need for further investigation into the characteristics and treatment effects of pain in patients with opioid use disorder. Determining the important delineating features of pain among MMT patients will help clinicians to develop a stronger understanding of the clinical profile and risks associated with comorbid pain.
Inflammatory profile is a recent development in the search for objective measures of pain and serves as a possible source of discrimination between patients with and without chronic pain. Both cytokines and chemokines operate as neuromodulators, regulating neuroinflammation and neurodevelopment. 11 The deregulation of cytokines and chemokines is associated with both neuroinflammation and neurodegeneration, 12, 13 and any increase in neuroinflammation can result in neuropathic pain as well as inflammation. [14] [15] [16] Proinflammatory cytokines and chemokines have been noted to also provoke hyperalgesia. 17, 18 One such study demonstrated a dose-response relationship between elevated cytokine levels (interleukin [IL]-1β, IL-2, IL-6, interferon [IFN]-γ, and tumor necrosis factor [TNF]-α) and chronic pain severity. 18 However, this study was restricted by a small sample size (94 patients with pain and six healthy controls), wherein most cytokines failed to reach significance after adjusting for multiple testing. 18 Due to the important relationship between the presence of pain and illicit substance abuse, as well as the overwhelming presence of pain within the methadone setting, it is imperative that we target our efforts toward understanding the characteristics of this patient population. Understanding pain is not only important in preventing adverse health outcomes for patients, it is vital for reducing social expenditure on treatments that may stand ineffective for specific subpopulations. The studies examining the characteristics of chronic pain are small in number and marked by inconsistent findings. There are an equal number of studies reporting a positive association between chronic pain and COA 3, 5 as those reporting no significant findings. 19, 20 Moreover, we have yet to properly identify the mechanisms of pain among MMT patients. These shortcomings prompted us to commence a sizable investigation of MMT patients to address our primary research objective, namely, to explore the clinical and inflammatory profile of MMT patients reporting comorbid pain. We addressed our objective using data collected for the GENetics of Opioid Addiction (GENOA) research collaborative. 21 GENOA is a multicenter cross-sectional investigation, accomplished through the partnership between McMaster University and the Ontario Addiction Treatment Centres (OATC).
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Methods
Overview of GENOA
Data have been collected for this study from the GENOA research collaborative between the OATC -the largest MMT network of opioid dependence treatment centers in North America -and the Population Genomics Program in the Faculty of Health Sciences at McMaster University. The detailed methodology of the GENOA investigation has been described previously. 21 The GENOA study is a multicenter cross-sectional analysis, which includes clinical data from four sites (methadone clinics) in southern Ontario. Participants were enrolled in the study between June and December 2011. The Hamilton Integrated Research Ethics Board approved this study.
The study inclusion criteria were as follows: men and women, age 18 years, ability to provide informed consent and willingness to provide a blood sample and receiving methadone for opioid-dependence treatment. All study participants were diagnosed with opioid dependence according to Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition criteria, based on clinical interviews at the time of entry into treatment with methadone. This study will focus on the data collected from 235 MMT patients (Figure 1 ), investigating the relationship between self-reported comorbidities and methadone response. Information on participants' physical comorbidities was gathered from face-to-face clinical interviews performed by trained OATC nurses. The presence of chronic and/or comorbid pain was determined by asking patients to respond to the following question: "Are you currently experiencing or have been diagnosed with chronic pain?" The use of this question to define chronic pain cases has been validated against the Brief Pain Inventory (BPI) in a previous study (Dennis et al, unpublished data, 2014 Results from the validation suggest that simply asking patients whether they have pain shows an 88.8% specificity, 84.4% positive predictive value, and C-statistic of 0.69. COA was determined through the assessment of weekly urinalysis for illicit opioid testing. Pain was also examined in relationship to the following inflammatory markers: TNF-α, IL-1 receptor antagonist (IL-1ra), IL-6, IL-8, IL-10, IFN-γ, and chemokine (C-C motif) ligand 2 (CCL2) in serum. Evidence shows that different anticoagulants (such as ethylene diamine tetraacetic acid, present in blood collection tubes) influence absolute cytokine levels in various manners [22] [23] [24] because serum samples were used in preference to plasma.
Interviewers obtained weight and height measurements from all participants. Information on social demographic factors, medical history, methadone dose, methadone treatment duration, family history of drug use, and psychiatric disorders were obtained during the interview process. All participants received the Mini International Neuropsychiatric Interview drug and alcohol modules. Blood samples were taken for estimation of serum levels of inflammatory markers. Participant blood specimens were processed within 2 hours and stored on site in −20°C freezers, then shipped monthly to the Hamilton research laboratory, and stored in liquid nitrogen until the time of analysis.
Laboratory analyses
Laboratory measures included urine toxicology screens to measure illicit opioid abuse and Bio-Plex™ (Bio-Rad Laboratories, Hercules, CA, USA) cytokine assay 25 to measure serum inflammatory markers.
Urine analysis
Qualitative and semiquantitative urinalysis was conducted using iMDx™ Prep assay. 26 The iMDx™ Prep assays are intended for the measurement of drugs of abuse, as well as the identification of adulteration in human urine samples, on the iMDx™ Analyzer and are used in drug rehabilitation clinics and physician offices by trained users. OATC clinics require patients to provide weekly urine samples as part of routine clinical care. While participants are also tested for cocaine, tetrahydrocannabinol, and benzodiazepines, we are primarily interested in the patients' use of opioids. Using the iMDx™ Prep assays, we are able to differentiate between specific types of opioids, such as naturally occurring opioids (heroin), prescribed synthetic opioids, and methadone. 26 In this investigation, opioid use is an indicator for methadone response. Because methadone is not used for the treatment of benzodiazepine or cocaine addiction, a patient's continued use of these substances does not indicate a methadone treatment failure. Urine toxicology screening was used to determine whether opioids (natural and synthetic) were present in the participants' urine.
Participants provided urine samples at supervised facilities; there were no missing urine samples from study participants. COA was determined by calculating the percentage of positive opioid urine screens provided by participants (number of positive opioid urine screens/total number of opioid urine screens). High COA percentage is indicative of a high number of positive opioid urine screens or, alternatively, a higher rate of illicit opioid consumption. We chose to include a measure of continued opioid abuse that adjusts for the entire duration of methadone treatment. Opioid dependence is a remitting, relapsing disorder, and as such, restricting the measurement of response to such a short time frame of the patient's overall treatment course is of limited use.
Serum levels of inflammatory markers: Bio-Plex assay
Serum samples were collected from participants using BD Vacutainer tubes and allowed to clot for 30 minutes. Samples were centrifuged at 1,500× g for 15 minutes at room temperature and the serum was frozen in liquid nitrogen until further analysis.
Samples were thawed only once and 50 μL aliquots were transferred to 96-well plates. Serum cytokine levels were determined using the Bio-Plex assay (Bio-Rad Laboratories); levels of IL-6, IL-8, IL-1ra, TNF-α, IFN-γ, IL-10, IL-1β, and CCL2 were measured, and standard curves were generated as per manufacturer's instructions. The Bio-Plex Manager 6.0 software was used for data analysis. Cytokine measurements were expressed as picograms per milliliter.
While IL-1B was originally tested for in all participants, more than 50% of the samples were inconclusive. With such a high proportion of data missing, we chose not to include IL-1B in any analyses.
Statistical analysis
STATA version 12 was used to complete all analyses. All study data have been quality checked and entered into the Research Electronic Data Capture database at the Population Genomics Program, McMaster University.
Multiple imputation using chained equations was employed to adjust for missing data. Age, sex, COA, chronic pain, and methadone dose (milligrams per day) were the variables selected to aid in the multiple imputation prediction of missing values. When running analyses of inflammatory biomarkers, if the value was below detectable range, the lowest value before detection cutoff was imputed. All data were tested for normal distribution, where log transformations were made when necessary. All outlier data were removed before performing the primary analyses. To adjust for outlier variables, box plots were constructed for all predictors included in each model using STATA version 12, these being methadone dose, duration on MMT, age, body mass index, and all inflammatory biomarkers. The box plots resulted in the identification of ten outlier observations across predictors (n participants =10). The inflammatory biomarkers proved to have an overwhelming number of outlier observations due to their wide distribution, limiting our ability to adequately remove them from the sample (Figure 2 
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Clinical and inflammatory characteristics of opioid-dependent patients acknowledge how sensitive inflammatory profiles are and that currently no normal range has been established in the MMT patient population.
We determined the appropriateness of our sample size (n=235) to address our primary analysis, the multivariable logistic regression of chronic pain. With response to treatment (COA) as our primary independent variable, in addition to eleven other a priori defined covariates, we determined that our model could withstand the addition of 20 covariates under the assumption that model stability is maintained with ten to 12 observations per covariate. Within this model, we have added 12 covariates, allowing for 20 observations per covariate in our sample of 235. 27 Reporting of this study follows the Strengthening of Reporting of Observational Studies in Epidemiology (STROBE) guidelines. 28 
Primary analysis
All demographic characteristics are summarized using descriptive statistics, reporting means and standard deviations (SDs) for continuous values and percentages for dichotomous values. All demographic characteristic data are presented by pain status. A multivariable logistic regression model was constructed to address our primary objective, determining the clinical and inflammatory profile of patients reporting comorbid pain, where self-reported pain was the binary dependent variable. This model included multiple covariates identified as or trending toward significance during the univariate analysis (age, IFN-γ, and response to treatment [COA] ). The model also adjusted for important confounding variables, such as age, presence of inflammatory medications, sex, presence of infectious disease, and methadone dose (milligrams per day).
Results
Demographic characteristics of GENOA participants
The recruitment process led to a completed sample of 249 participants eligible for this study. Any participants reporting prescribed opioids in their current medication list were removed from any analyses, leaving us with a sample of 235 MMT patients. A flow diagram of participant screening and selection is presented in Figure 1 .
Among the participants eligible for inclusion into the analyses (n=235), 40.42% were female, with mean age of 36.82 (SD: 10.36) years and mean body mass index of 26.59 (SD: 5.46) kg/m 2 . Participants self-reported the following comorbidities: 0.43% human immunodeficiency virus infection, 22.98% hepatitis, 5.11% liver disease, 24.68% chronic pain, 2.13% epilepsy, and 23.40% other, with a total of 58.40% of participants reporting at least one of the aforementioned comorbidities. When asked to indicate any "other" physical comorbidities, participants' responses included the following: diabetes (n=8), cardiac functioning abnormalities and stroke history (n=7), hypertension (n=3), high cholesterol (n=1), neurological deficit (n=2), Crohn's disease (n=4), asthma (n=8), renal functioning problems (n=2), gall stones (n=3), fibromyalgia (n=1), thyroid abnormalities (n=3), arthritis (n=5), respiratory problems (n=2), allergies (n=3), hernia (n=1), gout (n=1), spondylitis (n=1), and endometriosis (n=1). Reporting of these "other" comorbidities did not vary between patients with and without pain. All participants' demographic information presented by pain status is summarized in Table 1 .
Clinical and inflammatory profile of MMT patients with comorbid pain
The demographic characteristics summarized in Table 1 suggest that participants reporting pain are similar in demographic and clinical profiles to participants without pain. We find age, methadone dose (milligrams per day), sex, treatment duration (months), and onset age of opioid abuse to be relatively the same across patient groups (Table 1) . A distinct aspect of the clinical profile for patients with pain is noted in the significantly different treatment response rates across groups. Another distinction between patients with and without pain is their inflammatory profile, whereby we found participants with pain to have elevated IFN-γ, trending toward significance. 
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We chose to construct a multivariable logistic regression model to further assess these associations using patientreported pain as our outcome of interest. Regression models allow the assessment of association between factors while also adjusting for other important confounders. Using results from the univariate analysis to guide our selection of covariates, we included COA (treatment response) and IFN-γ as our primary independent variables. We adjusted this model for presence of inflammatory medications, sex, presence of infectious disease, and methadone dose (milligrams per day). The results from the multivariable regression model are summarized in Table 2 Notes: All inflammatory biomarker concentrations have been log-transformed for this table (originally measured as picograms per milliliter). These are the results for the 235 participants eligible for study inclusion; outliers identified for BMI and methadone dose were removed for regression models (n=10). Data are presented as mean (± standard deviation). Abbreviations: MMT, methadone maintenance treatment; IL, interleukin; IL-1ra, interleukin 1 receptor antagonist; BMI, body mass index; TNF, tumor necrosis factor; CCL2, chemokine (C-C motif) ligand 2; HIV, human immunodeficiency virus; IFN, interferon. 
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Clinical and inflammatory characteristics of opioid-dependent patients have an increase in positive opioid urine screens (OR: 1.02; 95% CI: 1.00, 1.03; P=0.01), indicating an increase in illicit opioid consumption.
Discussion
Summary of findings
Considerations of pain in the clinical setting for patients on MMT for opioid dependence are complicated by the inconsistent findings reported across studies. While some studies appear to be reporting a strong association between chronic pain and substance abuse among MMT patients, 3, 5 other studies report no association. 19, 20 There is also limited research on the inflammatory characteristics of pain patients within the MMT setting. Results from this investigation provide a thorough evaluation of the clinical and inflammatory characteristics of opioid-dependent patients with pain, wherein we show that 1) response to MMT is significantly influenced by the presence of pain and 2) MMT patients reporting chronic pain show elevated levels of IFN-γ.
Context of comorbid pain and opioid abuse in the current literature
MMT patients with severe pain are known to have increased methadone dose 4 and an increased rate of illicit substance use. 4 Findings from this study are consistent with some of those in literature, 3, 5 where response to treatment was highly associated with chronic pain status. When determining the source of contention across studies examining pain and opioid abuse, we took a closer look at the differences in measurement and definition of response to MMT. While in this study we chose to use the percentage of opioid-positive urine screens as an objective proxy outcome measure for response to methadone treatment, other studies report response to treatment as the number of days of illicit heroin or opioid abuse in the previous month 5, 20 or the percentage of patients who report using illicit opioids in the month. 3, 6, 19 In addition, a number of studies rely on different measurements for response such as self-report, 3, 6, 19 and some studies go so far as using validated tools to assess the severity of substance abuse behavior. 5, 20 In comparison to our investigation, the majority of clinical studies assess response to treatment over a very short time frame (7 days to 3 months). 3, 20, 29 It is known that opioid dependence is a chronic, remitting, relapsing disorder, with the average methadone treatment duration being 2 years. As such, capturing "response" over a short time frame of a patient's overall treatment course appears of limited use. Determining response to MMT by reviewing patients for the entire duration of MMT appeals as a more adequate approach for characterizing the course of and patient response to methadone. In this study, we looked at the number of positive opioid urine screens as a percentage of the total number of screens in an effort to adjust for these duration effects, which may explain why our results may differ from studies basing treatment response on a shorter time frame (ie, 7-9 days). 20 Similar to the measurement of response, the measurement of chronic pain also varies across studies. This variation may also be a source of discrepancy in the reported findings in the current literature. The measurement of pain varies from validated pain measures in some studies 3, 20 to the use of self-reported pain in others. 6, 19 Even results from studies selecting "validated" pain measures such as the BPI 3 should be interpreted with caution, for no pain measurement tool has undergone specific psychometric testing or predictive/ criterion validation within the MMT patient population.
Inflammatory profile and comorbid pain
Our results have shown IFN-γ to be elevated among MMT patients reporting comorbid pain. The role of IFN-γ in pain can be inferred from animal studies in which IFN-γ is noted to induce pain. 30 Tsuda et al 30 found that the IFN-γ receptor mediates spinal microgilia activation, ultimately leading to neuropathic pain. 30 When the spinal microglia is activated, it increases pain processing inside the dorsal horn to a significant level that triggers neuropathic pain. [31] [32] [33] [34] This is one of the mechanisms by which inflammation causes and propagates pain.
Our findings are consistent with other studies, where IFN-γ is elevated during periods of pain. 18, 35 In one investigation, 21 patients with lumbar degenerative disc disease were compared against three controls, for inflammatory profile differences, where the authors identified immunoreactivity of IFN-γ in patients with axial back pain. 35 Another study, examining 94 chronic pain patients and six healthy volunteers, found that proinflammatory cytokines such as IL-1β, IL-2, IL-6, IFN-γ, and TNF-α correlated with increasing pain intensity. 18 In addition, proinflammatory cytokines have been demonstrated to directly oppose opioid actions, and one study has demonstrated that an increase in morphine and methadone administration is directly linked to an increase in spinal glial activation as well as elevated cytokine level. 36 To date, no study has explored the association between comorbid pain and inflammatory profile within the MMT patient population. This investigation showed the significant association between elevated IFN-γ level and the presence of chronic pain. The importance of these results rests on our understanding of treatment strategies for patients with concurrent opioid dependence and chronic pain. The ability to objectively distinguish between patients with comorbid pain through the identification of IFN-γ may be able to help distinguish treatment approaches such as anti-inflammatory medications as a safe alternative to opioid analgesics in this patient population.
Strengths and limitations
The major limitation of this study is the use of self-reported chronic pain. The true prevalence of pain could have been under-or overestimated. Without the use of a validated pain assessment for opioid-dependent patients receiving MMT, the reported results should be subject to cautious interpretation. However, in a recent study, we have validated the use of patient-reported pain in comparison with the BPI assessment, where results suggest that simply asking patients whether they have pain shows an 88.8% specificity, 84.4% positive predictive value, and C-statistic of 0.69. Such results indicate that the use of patient-reported pain very closely identifies the same population as the BPI assessment. In addition, we should not discount the use of more objective markers for reported pain. This study found elevated levels of inflammatory markers, supporting the case for both the use of objective pain indicators and consideration of anti-inflammatory agents as adjunct therapy for MMT patients.
Conclusion
While our study shows a significant association between pain and poor response to MMT, it also proves the importance of determining an objective measure of inflammation for MMT patients with comorbid pain. We determined that pain is significantly associated with an increase in positive opioid urine screens, as well as a substantial elevation of IFN-γ. In an effort to adequately manage patients at an increased risk for methadone overdose and poor response, future research should determine the therapeutic impact of using antiinflammatory analgesics to prevent the use of illicit opioids and reduce pain in opioid-dependent patients on MMT.
